Amyloid precursor protein (APP) and amyloid b-peptide (Ab) have been implicated in a variety of physiological and pathological processes underlying nervous system functions. APP shares many features with adhesion molecules in that it is involved in neurite outgrowth, neuronal survival and synaptic plasticity. It is, thus, of interest to identify binding partners of APP that influence its functions. Using biochemical cross-linking techniques we have identified ATP synthase subunit a as a binding partner of the extracellular domain of APP and Ab. APP and ATP synthase colocalize at the cell surface of cultured hippocampal neurons and astrocytes. ATP synthase subunit a reaches the cell surface via the secretory pathway and is N-glycosylated during this process. Transfection of APP-deficient neuroblastoma cells with APP results in increased surface localization of ATP synthase subunit a. The extracellular domain of APP and Ab partially inhibit the extracellular generation of ATP by the ATP synthase complex. Interestingly, the binding sequence of APP and Ab is similar in structure to the ATP synthase-binding sequence of the inhibitor of F1 (IF 1 ), a naturally occurring inhibitor of the ATP synthase complex in mitochondria. In hippocampal slices, Ab and IF 1 similarly impair both short-and long-term potentiation via a mechanism that could be suppressed by blockade of GABAergic transmission. These observations indicate that APP and Ab regulate extracellular ATP levels in the brain, thus suggesting a novel mechanism in Ab-mediated Alzheimer's disease pathology.
Introduction
Increasing evidence suggests that amyloid precursor protein (APP) is an adhesion molecule that regulates neuronal survival, neurite outgrowth and synaptic plasticity. 1 APP is transported along axons to presynaptic terminals where it accumulates, a process that can result in amyloid b-peptide (Ab) deposition at synapses. 2 APP is also expressed by glial cells, 3 which are important contributors to neuronal homeostasis and dynamics. 4 As a transmembrane cell surface glycoprotein, APP is a receptor that may transduce signals within the cell in response to an extracellular ligand. 5 For example, following the action of the g-secretase that cleaves APP in the plane of the membrane, the intracellular domain of APP reaches the cell nucleus to modulate gene expression regulating apoptosis. However, neither a ligand nor downstream signaling cascades for APP has been clearly established. Nevertheless, the importance of APP in signal transduction has been documented by its ability to modulate potassium channel activity and to activate the transcription factor NF-kB. 6, 7 Release of the extracellular domain of APP from presynaptic terminals has been observed in response to electrical activity. 8 This domain, in turn, regulates neuronal excitability 1 and enhances proliferation of progenitor cells in the subventricular zone. 9 Not only is the intracellular domain of APP of functional importance, but the proteolytic fragments derived from the extracellular domain are also of interest. APP is cleaved by secretases, resulting in several fragments, including the Ab-peptide in Alzheimer's disease. 10 An increase in the generation of Ab is, according to the amyloid hypothesis of Alzheimer's disease, the trigger for disease pathogenesis. 11 Ab has been implicated in multiple functions, particularly in cytotoxicity of its oligomeric forms, 12, 13 although their functional roles are not fully understood. Synapses may be particularly susceptible to the adverse effects of Ab as it impairs synaptic ion and glucose transporters and damages neurons by inducing oxidative stress and disrupting cellular calcium homeostasis.
14 Consistent with the notion that Ab deposition may exert neurotoxic effects are the observations that in APP-mutant mice with enhanced Ab production, memory deficits develop early in the process of Ab deposition. 15 Interestingly, Ab is not only deposited in the brain tissue itself, but also at the luminal surface of brain blood vessels where it induces pathological reactions including hemorrhage, death of endothelial cells and constriction of capillaries which are confounding factors in Alzheimer's disease. 16 In our search for APP-binding partners, we have identified the a-subunit of F 1 F 0 -ATP synthase, also termed complex V, which facilitates ATP production from the transmembrane proton-motive force generated by the mitochondrial respiratory chain. 17 The F 1 F 0 -ATP synthase complex not only generates ATP but also hydrolyzes ATP and by this action facilitates a proton gradient. 18 Although first described as a predominantly mitochondrial protein, the entire F 1 F 0 -ATP synthase complex has also been localized to the cell surface of endothelial cells, fibroblasts and hepatocytes, where the complex produces ATP extracellularly. [19] [20] [21] [22] Our observations demonstrate a novel function for APP and Ab in regulating ATP synthase activity through interaction with the a subunit of ATP synthase. ATP is thus not only the main energy source of mammalian cells, but also an important extracellular signaling molecule with multiple functions. 23 
Materials and methods

Antibodies and animals
The following antibodies were used: 7H10 (a mouse monoclonal anti-ATP synthase subunit a; Molecular Probes, Eugene, OR, USA), D3 (a mouse monoclonal antibody against the intracellular domain of the mouse NCAM 180 isoform of the neural cell adhesion molecule 24 ), C-20 (anti-synaptophysin antibody; Santa Cruz Biotechnology, Santa Cruz, CA, USA), 22723 (rabbit polyclonal antibodies, directed against the extracellular domain of mouse APP), 22C11 (a mouse monoclonal antibody directed against the amino acid sequence 60-100 of human APP) and WO-2 (a monoclonal mouse antibody directed against amino acids 1-16 of human Ab). The monoclonal antibodies against APP and Ab were kind gifts from G Multhaup (Free University of Berlin, Berlin, Germany). Synthetic human Ab1-40 was purchased from Schafer-N (Copenhagen, Denmark). C57BL/6J mice were used for all studies. The APP 23 transgenic mouse strain (a kind gift from M Staufenbiel, Hoffmann-La Roche, Basel, Switzerland) overexpressing the Swedish mutation of human APP under the control of the Thy-1 promoter 25 was used in parallel with the respective wild-type controls derived from the same breeding colony.
Preparation of APP-Fc and APP-a-Fc
Mouse APP 695 cDNA encoding for the neuronal isoform of APP (a kind gift from S Sisodia, University of Chicago, Chicago, IL, USA) was subcloned into the pblue Bac vector using the BamHI and SacI restriction sites. To generate the fusion protein containing the extracellular domain of APP with the Fc part of human immunoglobulin G (IgG) at its C-terminal end (APP-Fc), primers for the SacI restriction site at the 5 0 end (CTGACGGAACCAAGACCACCG) and for the C-terminal end of the APP extracellular domain (terminating at amino acid position 624; SWISS-PROT accession number P12023) at the 3 0 end (GCTGAAGATGTGGGTTCGAACAAA) were used, introducing a new BclI restriction site at the 3 0 end. To generate APP-a-Fc, the primer of the 5 0 end SacI restriction site and the 3 0 end the a-secretase cleavage site (APP-a-Fc) were also used to introduce a new BclI site. Via this new BclI restriction site, the PCR products were ligated to the human Fc-tag in the pIG( þ ) vector and subsequently the BamHI/SacI restriction product of the mouse APP 695 was ligated using the SacI restriction site. The whole construct was cut out using the HindIII and XbaI restriction site of the pIG( þ ) and ligated into the pcDNA 3( þ ) vector. This vector was used to stably transfect Chinese hamster ovary K1 cells according to published procedures.
26 CHL1-Fc and PrP-Fc that contain the extracellular domain of these adhesion molecules in fusion with Fc were expressed and, as for the APPFc fusion proteins, purified via the Fc-tag using a Protein-A column chromatography as described. 26 Cell culture B103 cells that do not express APP 27 were stably transfected with pcDNA 3.1(À) containing the human cDNA sequence of APP 695, the predominantly neuronal expressed isoform of APP. 3 Cells were maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and 5% horse serum supplemented with hygromycin for selection. Dissociated cultures of early postnatal hippocampus were prepared as described. 28 The cultures were maintained in neurobasal medium supplemented with B26 for at least 12 days before immunocytochemical staining. Cultures contained predominantly neurons, but also glial fibrillary acidic protein immunoreactive astrocytes.
Immunocytochemistry
For detection of APP both at the cell surface and intracellularly, cultures of hippocampal cells were incubated for 30 min at room temperature (RT) with 4% formaldehyde in phosphate-buffered saline (PBS), followed by incubation in PBS supplemented with 10% horse serum, 0.2% bovine serum albumin (BSA) and 0.3% Triton X-100 for permeabilization. After incubation with primary antibodies against APP (22734, diluted 1:1000) and synaptophysin (1:200) for 3 h at RT, cells were again washed with PBS. Immunostaining with secondary antibody was carried out with antibodies against rabbit IgG (anti-rabbit 488, Alexa; Molecular Probes) and goat IgG (anti-goat 488, Jackson ImmunoResearch, Cambridgeshire, UK). After washing with PBS, cells were mounted with Aqua Polymount (Polyscience Inc., Washington, PA, USA). Samples were examined with a laser scanning confocal microscope (Leica TCS SP2).
For detection of cell surface-localized APP and ATP synthase subunit a, live cells were incubated with antibodies 7H10 (diluted 1:100) and 22734 (diluted 1:250) for 1 h at 4 1C. Cultures were then washed two times with ice-cold PBS and incubated with secondary antibodies at 4 1C as specified in the previous paragraph. Experiments were carried out at 4 1C to prevent internalization of cell surface-localized proteins. 29, 30 Colocalization experiments of ATP synthase subunit a and the synaptic marker synaptophysin were performed to analyze the synaptic distribution of cell surface ATP synthase subunit a. For this study, the protocol for cell surface detection of ATP synthase subunit a was applied, followed by the protocol for immunostaining after fixation with paraformaldehyde (see first paragraph of this subheading). Twenty-five punctate dots of ATP synthase subunit a immunostaining per visual field were analyzed for colocalization with synaptophysin immunostaining. Two cultures were used for analysis of colocalization, and for each culture three visual fields were evaluated.
Isolation of a crude mitochondrial fraction from mouse brain Isolation of mitochondria was performed as described. 31 Briefly, mice were killed by carbon dioxide intoxication and brains were quickly removed. Brains were homogenized by 10-15 strokes in a Dounce-type glass homogenizer in homogenization buffer H1 (75 mM sucrose, 225 mM sorbitol, 1 mM ethylene glycol tetraacetic acid, 10 mM Tris-HCl (pH 7.5) and 0.1% BSA). Homogenates were centrifuged at 1000 g and 4 1C for 10 min. The supernatants were collected and pelleted by centrifugation at 12 000 g and 4 1C for 10 min. The pellets were resuspended in 10 volumes of H1 buffer and centrifuged at 14 000 g and 4 1C for 5 min. This step was repeated seven times. The pellet from the last centrifugation step was resuspended in three volumes of H1 buffer and frozen at À80 1C for further use.
Purification of mammalian F 1 F 0 -ATP synthase complex from murine heart tissue Mice were killed by carbon dioxide intoxication and hearts were quickly removed. To obtain fresh murine heart mitochondria the heart tissue was treated as described above for isolation of a crude mitochondrial fraction. Mitochondria were washed three times with 250 mM sucrose solution supplemented with 2 mM EDTA (pH 8.8) to remove possible contamination with BSA. Preparation of submitochondrial particles and purification of the F 1 F 0 -ATP synthase complex were accomplished as previously described. 31 Preparation of a synaptosomal fraction Mice were exposed to carbon dioxide intoxication and the brains were immediately removed and homogenized by 10-15 Potter strokes in Homo-buffer (50 mM Tris-HCl (pH 7.5), 0.32 M sucrose, 1 mM CaCl 2 and 1 mM MgCl 2 ) on ice. The homogenate was centrifuged at 1000 g and 4 1C for 10 min and the supernatant was subjected to a 17 000 g centrifugation step at 4 1C for 15 min. The resulting pellet was resuspended in Homo-buffer and laid on top of a sucrose gradient consisting of two steps of 1.2 and 1.0 M sucrose solution in 50 mM Tris-HCl (pH 7.5), 1 mM CaCl 2 and 1 mM MgCl 2 . The synaptosomeenriched fraction was collected by centrifugation at 100 000 g and 4 1C for 2 h. The fraction at the interface between the 1.2 and 1.0 M sucrose interface was collected and pelleted by a 100 000 g centrifugation step at 4 1C for 1 h. The pellet was resuspended in PBS and stored at À80 1C for further use.
Biochemical cross-linking with sulfo-SBED All steps for biochemical cross-linking were performed under light protection. APP-Fc or CHL1-Fc (100 mg each) was incubated in 500 ml PBS with 10 ml
0 -dithiopropionate; Perbio, Rockford, IL, USA) dissolved at 1 mg per 25 ml dimethyl sulfoxide for 30 min at RT. The sample was then dialyzed using a Slide-a-lyzer mini dialysis unit (Perbio) and added afterwards to 50 ml solution of Protein-A magnetic beads (Dynal, Hamburg, Germany). The mixture was incubated for 1 h at RT. The magnetic beads were washed six times with PBS using a magnet. Beads containing the bait in the form of Fc fusion proteins were then incubated overnight at 4 1C with subfractions of brain homogenates prepared from 10 brains of 2-to 3-month-old C57BL/6 mice. The samples were transferred to a 40 Â 10 cm cell culture dish, placed on ice and exposed to UV light for 15 min using an ultraviolet cross-linker (Amersham, Buckinghamshire, UK) at an energy setting of 365. Beads were washed two times with PBS, two times with PBS containing 0.5% Triton X-100 and two times with PBS containing 1% Triton X-100. Bound bait/prey proteins complexes were removed from the beads by 10 min incubation with elution buffer (0.1 M glycine (pH 2.3) and 0.5 M NaCl). After magnetic removal of the beads, the solution containing the bait/prey complex was neutralized with 5 ml of neutralization buffer (1.5 M Tris-HCl, pH 8.0) and subsequently boiled in sodium dodecyl sulfate (SDS) sample buffer containing dithiothreitol to separate bait from prey. Biotinylated prey proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and probed with horseradish peroxidase (HRP)-coupled streptavidin. 32 APP, Ab and regulation of ATP synthase activity C Schmidt et al For identification of the binding partners, which are the prey of the APP-Fc bait, 5-10% SDS-PAGE gels were silver stained 33 and silver-stained bands were subjected to nanoelectrospray mass spectrometry in a QTOF II instrument (Micromass, Manchester, UK), kindly performed by Fritz Buck (Institut fü r Zellbiochemie und Klinische Neurobiologie, University Medical Center Hamburg-Eppendorf, Germany).
Pull-down assay
The pull-down assay was performed to identify binding partners using Fc-fusion proteins coupled to beads as bait. For preclearing, the Protein-A magnetic beads (50 ml, Dynal) were added to crude brain mitochondrial fraction diluted 1:4 in buffer A (50 mM Tris-HCl (pH 7.5), 1 mM CaCl 2 , 1 mM MgCl 2 and 0.1% Triton X-100) supplemented with protease inhibitor cocktail (Roche, Mannheim, Germany). The mixture was allowed to react for 1 h at 4 1C. Beads were then removed using a magnet. For binding of the bait to the Protein-A magnetic beads, 50-100 mg of Fctagged bait protein were incubated for 30 min at RT with 100-200 ml of Protein-A magnetic beads in buffer B (50 mM Tris-HCl (pH 7.5), 1 mM CaCl 2 and 1 mM MgCl 2 ). The bait/Protein-A complex was washed four times with buffer B using a magnet and added to the precleared crude fraction of brain mitochondria. After 35 min incubation on a tumbling wheel at RT, the samples were washed three times with buffer B and three times with buffer A. The bait/prey complex was eluted by 10 min incubation with elution buffer (0.1 M glycine (pH 2.3) and 0.5 M NaCl). After removing the beads the samples were neutralized with 5 ml of neutralization buffer (1.5 M Tris-HCl, pH 8.0). The samples were boiled in SDS sample buffer, separated by SDS-PAGE and subjected to western blot analysis.
The pull-down assay was also performed using Ab as bait. A total of 10 mg WO-2 or D3 antibodies were added to 150 ml Protein-G magnetic beads (Dynal) and incubated in PBS for 1 h at RT. The antibody/Protein-G complex was cross-linked with the chemical crosslinker BS 3 (Perbio) in 500 ml PBS (1 mg BS 3 ml À1 ) by incubation for 1 h at RT. Preclearing of the mitochondrial fraction and washing steps were performed as described in the previous paragraph. To saturate the mitochondrial ATP synthase subunit a with Ab, 100 mg Ab per sample was added to the crude mitochondrial fraction after preclearing. After the last washing step, beads were boiled in SDS sample buffer and removed by a short centrifugation step. Supernatants were subjected to SDS-PAGE and western blot analysis.
Cell surface biotinylation B103 cells were grown to near confluence in a 10 cm culture dish. For the experiment they were placed on ice and washed twice with ice-cold PBS-CM (PBS containing 0.5 mM CaCl 2 , 2 mM MgCl 2 ). For surface biotinylation the cells were incubated 10 min on ice with PBS-CM supplemented with 0.5 mg ml
À1
Sulfo-NHS-LS-biotin (Perbio). The solution was then removed from the cells and the biotinylation reaction was terminated by incubation with PBS-CM supplemented with 20 mM glycine for 5 min. After two washes with ice-cold PBS-CM, cells were lysed by a 30 min incubation at 4 1C with radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA and 1% NP40) supplemented with protease inhibitor cocktail (Roche). To remove nuclei, the lysates were centrifuged at 1000 g and 4 1C for 5 min. Streptavidin magnetic beads (150 ml, Dynal) were added to the supernatants and the samples were incubated overnight on a tumbling wheel at 4 1C. The streptavidin-coupled beads were then washed four times with RIPA buffer using a magnet, and boiled in SDS sample buffer. Beads were then removed by centrifugation. The supernatants were boiled in sample buffer, separated by SDS-PAGE and subjected to western blot analysis.
To prepare cell lysate, 3 Â 10 6 B103 wild-type cells were lysed through two freeze and thaw cycles. To remove crude cell debris the lysate was centrifuged at 700 g for 5 min at 4 1C. The supernatants were added 4 h prior to experiment to the dishes.
For the examination of the cell surface transport, brefeldin A (Merck, Darmstadt, Germany) was used. Brefeldin A (5 mM) was supplemented to the cell culture media 4 h before the experiment and cell surface biotinylation was then carried out as described above.
For analysis of N-glycosylation of ATP synthase subunit a, biotin-labeled cell surface proteins were purified by streptavidin beads. Beads were then washed three times with PBS and 0.5% Triton X-100 using a magnet and incubated with 2U PNGase F (Roche) in 500 ml PBS and 0.5% Triton X-100 for 18 h at 37 1C. After three washing steps with PBS by use of a magnet, the samples were boiled in SDS sample buffer and the beads were removed by centrifugation. The supernatants were used for western blot analysis.
Enzyme-linked immunosorbent assay
Enzyme-linked immunosorbent assay (ELISA)-based binding tests were performed as described 34 with 10 mg ml À1 APP-Fc or human Ab (1-40) used for substrate coating. Coating was performed in PBS supplemented with 1 mM CaCl 2 and 1 mM MgCl 2 (PBS-CM) overnight at 4 1C. Washing steps were performed in PBS-CM with 0.05% Tween 20. For competition assays, soluble F 1 -ATP synthase complex was pre-incubated for 1 h at 37 1C in the presence or absence of a five times molar excess of recombinantly produced IF 1 , and then introduced to the coated wells. Monoclonal anti-ATP synthase subunit a (7H10; 0.5 mg ml
À1
) and HRP-coupled secondary antibodies (Perbio, Rockford) in PBS-CM containing 1% BSA were used for detection. A total of 100 ml of freshly prepared staining solution, 0.5 mg ml 
ATP generation by bioluminescent luciferase assay
These studies were performed as described previously. 35 Purification of His-tagged ATP synthase subunit a and His-tagged IF 1 Competent Escherichia coli BL21DE3 were transformed with the pET-24a His-ATP synthase subunit a vector or pET 15b human IF 1 . His-tagged ATP synthase subunit a was expressed in E. coli, 35 and His-tagged-IF 1 . 36 The His-tagged ATP synthase subunit a and the IF 1 were batch purified using Qiagen Ni-NTA-agarose under native conditions according to the manufacturer's instructions.
Co-immunoprecipitation
Co-immunoprecipitations were performed in crude brain mitochondrial fractions from either wild-type or APP23 transgenic mice. A total of 150 ml of Protein-G magnetic beads (Dynal) were incubated with 10 mg of WO-2 antibody for 1 h at RT in 500 ml PBS. To couple the antibody to the beads, 500 ml PBS plus the crosslinker BS 3 (1 mg ml À1 ; Perbio) were incubated for 1 h at RT. To remove unbound cross-linker the beads were washed with buffer B (50 mM Tris-HCl (pH 7.5), 1 mM CaCl 2 and 1 mM MgCl 2 ) for four times using a magnet. Crude brain mitochondrial fractions were diluted in buffer A (50 mM Tris-HCl (pH 7.5), 1 mM CaCl 2 , 1 mM MgCl 2 and 0.1% Triton X-100) plus protease inhibitor mix (Roche) 1:5 and then precleared by incubation with 50 ml Protein-G magnetic beads for 3 h at 4 1C on a rotating wheel. Antibody/Protein-G complex was mixed with the precleared crude brain mitochondrial fraction and incubated overnight at 4 1C on a rotating wheel. Samples were washed four times with buffer B and four times with buffer A using a magnet. After the washing steps, 50 ml SDS sample buffer was added to the beads and the probe was subsequently boiled. The beads were removed by a short centrifugation step and the supernatants were used for western blot analysis.
Western blot analysis
Before western blot analysis, total protein content of the samples was determined by BCA test (Perbio) according to the manufacturer's instructions. The samples were separated by SDS-PAGE and transferred to nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany) by tank blotting. The membranes were incubated with primary antibody overnight at 4 1C. For detection of ATP synthase subunit a, the mouse monoclonal antibody 7H10 (0.5 mg ml À1 ) was used. The signals were revealed using HRP-conjugated secondary antibodies (1:10 000) followed by ECL detection (Supersignal, Perbio).
Quantification of secreted and cellular APP For determination of secreted APP levels, conditioned medium from the hippocampal cell cultures was centrifuged at 700 g for 5 min at RT. The supernatant was mixed with SDS sample buffer and boiled for 5 min. Quantification of APP content in hippocampal cells was done by 30 min cell lysis in RIPA buffer supplemented with protease inhibitor mix (Roche) at 4 1C, centrifugation of samples for 5 min at 1000 g and 4 1C and western blot analysis with the primary antibody 22C11 (1:10 000) to detect APP.
Measurement of F 1 F 0 -ATP synthase complex ATPase activity The ATPase activity of F 1 F 0 -ATP synthase was measured as described previously. 37 Electrophysiological recordings Two-to three-month-old C57Bl/6J mice of both sexes were used for the electrophysiological experiments. Hippocampal slice preparation and recordings of long-term potentiation (LTP) at CA3-CA1 synapses were performed as described elsewhere. 38, 39 Briefly, after CO 2 anesthesia, decapitation and removal of the brain, the hippocampi were cut with a vibratome in 350 mm thick slices in ice-cold artificial cerebrospinal fluid (ACSF) containing: 250 mM sucrose, 25 mM NaHCO 3 , 25 mM glucose, 2.5 mM KCl, 1.25 mM NaH 2 -PO 4 , 2 mM CaCl 2 and 1.5 mM MgCl 2 (pH 7.3). The slices were then kept at RT in a chamber filled with carbogen-bubbled ACSF, containing 125 mM NaCl instead of 250 mM sucrose, for at least 2 h before the start of recordings. In the recording chamber, slices were continuously superfused with carbogen-bubbled ACSF (3 ml min À1 ) at RT. Stimulation of Schaffer collateral/commissural fibers and recordings of focal field excitatory postsynaptic potential (fEPSP) were performed in the stratum radiatum with glass pipettes filled with ACSF and having a resistance of 1-2 MO. Basal synaptic transmission was monitored at 0.05 Hz. The inter-theta burst stimulation (TBS) interval was 20 s and five TBSs were applied to induce LTP. TBS consisted of 10 bursts. Bursts were delivered at 5 Hz. Each burst consisted of four pulses delivered at 100 Hz. In one series of experiments, the number of stimulation pulses was reduced two times by reducing the number of bursts from ten to five, as indicated in 'Results'. Duration of pulses was 0.2 ms and stimulation strength was set such as to provide baseline fEPSPs with amplitudes of approximately 50% from the subthreshold maximum. Ab was prepared in 2.5 mM stock solution prior to experiment, incubated 16 h at RT to enhance oligomerization and shock frozen after this time in liquid nitrogen. The stock solution was thawed immediately before experiment and used after appropriate dilution. ACSF containing 500 nM Ab or 300 nM IF 1 was applied to slices 20-30 min before induction of LTP to provide sufficient time for penetration of these compounds. 40 Picrotoxin, an inhibitor of GABA A receptors, was applied alone or together with Ab (Schafer-N) or IF 1 at a concentration of 100 mM. Statistical comparison of the levels of short-term potentiation (STP) and LTP under different experimental conditions was performed using the two-tailed t-test or one-way analysis of variance. P-values smaller than 0.05 were accepted as providing significant differences between compared groups.
Results
APP and Ab interact with ATP synthase subunit a To search for ligands of the extracellular domain of APP, we fused the whole extracellular domain of mouse APP with human Fc (APP-Fc) and labeled the fusion protein with the trifunctional cross-linker sulfo-SBED via primary amines of APP. Sulfo-SBED transfers its biotin group after a short incubation with UV light to the binding partners (prey) of the fusion protein (bait) that was immobilized via its Fc portion on Protein-A-coupled magnetic beads. After crosslinking, the bait/prey complex was separated from the beads by dissociating the Protein-A/Fc complex. The eluted proteins were then boiled in SDS sample buffer containing dithiotreithol to separate the biotinylated prey proteins from the non-biotinylated baits. Incubation of APP-Fc with a synaptosome-enriched fraction of mouse brain resulted in bound ATP synthase subunit a as biotinylated protein, and therefore as a possible interaction partner of APP ( Figure 1a, lane 2) . When CHL1-Fc comprising the extracellular domain of the close homolog of L1 in fusion with Fc was used as a bait control, the band corresponding to ATP synthase subunit a was not detectable (Figure 1a , lane 1). We were not able to identify other bands as putative binding partners of APP in this experiment via mass spectroscopy ( Figure 1a , lane 2), with the exception of APP (arrowhead) that displayed in our experiments a homophilic binding, as previously described. 41 To verify this interaction we performed a pull-down experiment with APP-Fc coupled to Protein-A beads as bait in a crude homogenate of mouse brain mitochondria (Figure 1b) . ATP synthase subunit a was pulled down from the homogenate with APP-Fc, but not with CHL1-Fc or Fc alone (Figure 1b, lane 4,  arrow) . In contrast to the full-length extracellular domain, the a-secretase cleaved form of APP (APP-aFc) did not pull down ATP synthase subunit a ( Figure  1c ). To analyze if Ab would also bind to ATP synthase subunit a, synthetic human Ab peptide was preincubated with the monoclonal antibody WO-2, which binds to the first 16 amino acids of human Ab. This antigen/antibody complex was then incubated with the crude mitochondrial homogenate and a protein was pulled down that reacted by western blot analysis with antibodies against mouse ATP synthase subunit a (Figure 1d, lane 2) . A monoclonal antibody against the intracellular domain of the NCAM 180 isoform was also incubated with Ab for control and did not co-isolate a band with the molecular weight of ATP synthase subunit a ( Figure  1d, lane 1) . Only the bound synthetic human Ab peptide, and not the endogenous murine Ab or fulllength murine APP, was used as a bait in these tests, since the WO-2 antibody recognizes only human, but not murine APP. 42 Thus, not only full-length APP binds to ATP synthase subunit a, but also its proteolytic product Ab is a ligand for the enzyme. To verify the association of APP or Ab with ATP synthase subunit a under more physiological conditions of APP or Ab with ATP synthase subunit a, a coimmunoprecipitation experiment was carried out (Figure 1e ). The antibody WO-2 was used to immunoprecipitate APP or Ab from detergent lysates (0.1% TritonX-100) of crude brain mitochondria homogenate isolated from transgenic mice overexpressing the human APP under the control of the Thy-1 promoter (APP23 mice). ATP synthase subunit a was detected in the WO-2 immunoprecipitate by western blot analysis (Figure 1e, lane 2) . As a negative control, age-matched wild-type mice were used for the immunoprecipitation in parallel. As WO-2 does not recognize the murine form of APP or Ab ( Figure  1d, lane 6) , ATP synthase subunit a was not coimmunoprecipitated (Figure 1e, lane 3) .
After transfection of APP 695 in the APP-deficient B103 wild-type cell line, cell surface localization of biotin-labeled ATP synthase subunit a was significantly increased in the APP 695-transfected cells compared to that in nontransfected cells (Figure  2a-d) . So cell surface APP increases the cell surface localization of endogenous ATP synthase subunit a. Our experiments were not able to dissect if this increase is due to amplification of transport to the cell membrane by APP or by action of APP as a cell surface receptor for soluble ATP synthase subunit a. It should also be noted that in the nontransfected B103 cells a faint ATP synthase subunit a immunoreactive band was observed (Figure 2a, lane 1) , suggesting the existence of another binding partner at the cell surface.
ATP synthase subunit a is not a transmembrane constituent, but associates as a soluble component with the other components in the F 1 F 0 -ATP synthase complex of mitochondria and at the cell surface. We examined whether soluble ATP synthase subunit a could bind to APP at the cell surface under physiological conditions. This was tested by adding soluble ATP synthase subunit a to neuroblastoma B103 cells transfected to express APP at the cell surface and nontransfected parental cells as negative control. In the first experiment, we used nontransfected B103 cell lysate, highly enriched in soluble mitochondrial ATP synthase subunit a (data not shown), as a source for ATP synthase subunit a. We incubated B103 cells transfected with APP 695 and nontransfected B103 cells for 4 h with the cell lysate and performed a surface biotinylation. Only in APP-transfected cells did we observe a band of mitochondrially derived, and therefore non-glycosylated, ATP synthase subunit a (Figure 2e, lane 4) . In a second experiment, we used ATP synthase subunit a recombinantly produced in bacteria and purified via N-terminal linked His-tag. When this ATP synthase subunit a construct was added to cultures of nontransfected or APP 695-transfected neuroblastoma cells, ATP synthase subunit a was detected only in the transfected cells after cell surface biotinylation and isolation by streptavidin beads (Figure 2f, lane 4) . The combined data provide evidence that soluble ATP synthase subunit a binds APP under physiological conditions at the cell surface.
In an ELISA, APP and Ab bound directly to the F 1 part of the ATP synthase complex (Figure 3a) . For this assay, we coated APP-Fc or synthetic Ab1-40 and analyzed the binding of different concentrations of soluble F 1 F 0 -ATP synthase complex purified from a mitochondrial fraction of mouse heart tissue. Binding to APP-Fc and Ab was dose dependent and saturable. There was no significant binding of the F 1 F 0 -ATP synthase complex to the BSA control. As APP-Fc and Ab both bind to the ATP synthase subunit a (Figures 1b and d) , it is likely that APP binds to the enzyme via the extracellular sequence shared between APP and Ab. Thus, Ab should compete with APP for binding to the ATP synthase subunit a. Therefore, we performed a pull-down experiment using APP-Fc as bait with a detergentsolubilized homogenate from a crude brain mitochondrial fraction. Pre-incubation with a 10-fold excess of Ab, but not a control peptide derived from the extracellular part of APP (amino acids 395-410; SWISS-PROT accession number P05067) reduced the amount of ATP synthase subunit a pulled down by APP-Fc (Figure 3b) .
A different assay was used to show that APPdependent binding of ATP synthase subunit a to the cell surface is influenced by Ab. In this assay, binding of ATP synthase subunit a was measured after cells that constitutively express and secrete the enzyme were pre-incubated with Ab. Then, cell surface biotinylation was performed to determine if the enzyme had attached to the cell surface. Pre-incubation of B103 neuroblastoma cells with Ab reduced the cell surface attachment of ATP synthase subunit a when applied to B103 cells transfected with APP 695 (Figure 3c, compare lanes 1 and 2) . We next determined if the binding of mitochondria-derived, non-glycosylated ATP synthase subunit a was also influenced by pre-incubation of the APP 695-transfected B103 cells with Ab. Also in this case, Ab inhibited binding of ATP synthase subunit a to the cell surface of APP 695-transfected B103 cells ( Figure  3c, compare lanes 3 and 4) . Thus, binding of both Nglycosylated and non-glycosylated mitochondria-derived ATP synthase subunit a to cell surface-localized APP was reduced by pre-incubation with Ab. These observations indicate that APP binds to ATP synthase subunit a via the membrane proximal domain that is represented by Ab.
APP and Ab both display sequence homologies with the IF 1 protein, a known natural inhibitor of the mitochondrial F 1 F 0 -ATP synthase complex, 43 in its minimal inhibitory domain as tested by the ScanProsite program (Figure 3d) . Interestingly, this sequence similarity of APP is shared between human, sheep and mouse, and the sequence localizes in the APP domain that is cleaved by the a-and b-secretases. Indeed, recombinant human IF 1 competed for binding of APP and Ab to the F 1 domain of ATP synthase in the ELISA test (Figure 3e ).
APP and ATP synthase subunit a show partial colocalization in hippocampal cell cultures by immunocytochemistry
To analyze whether APP and Ab are found in close association with each other in a native cellular environment, immunocytochemical staining of hippocampal neurons and astrocytes was performed by double labeling using antibodies against APP and ATP synthase subunit a (Figures 4 and 5) . Live cells were used for immunolabeling to detect antigens only at the cell surface. ATP synthase subunit a appeared on neurons in a punctate manner (Figure 4 ) and on astrocytes in a more uniform labeling pattern ( Figure  5 ). Secondary antibody alone or an antibody against the intracellularly localized cytoskeleton protein t showed staining neither on neurons nor on astrocytes (data not shown). This punctate staining pattern partially overlapped with synaptophysin staining (open arrows), a marker for synapses, and was also seen in areas negative for synaptophysin (closed arrows), suggesting that cell surface ATP synthase subunit a is present in synaptic and non-synaptic areas at the neuronal plasma membrane ( Figure 4B ). APP and ATP synthase subunit a showed a partial colocalization at the cell surface of hippocampal neurons with 64% of ATP synthase subunit a-stained regions being also positive for cell surface APP (Figure 4Ci ). This result and the finding that a the faint band of ATP synthase subunit a was detected at the cell surface by immunostaining in the APPdeficient B103 cells (Figure 2e, lane 1) suggest the presence of an additional binding partner of ATP synthase subunit a at the neuronal cell surface. The punctate staining pattern of ATP synthase subunit a on neurons is in agreement with observations on the punctate appearance of cell surface ATP synthase subunit a on hepatocytes 21 and on a human umbilical vein endothelial cell line. 33 The localization of APP and ATP synthase subunit a at the cell surface of astrocytes was less punctate, and the continuous labeling showed more overlap with the staining of APP than in neurons ( Figure 5 ).
ATP synthase subunit a reaches the cell surface via the secretory pathway and is N-glycosylated during this process The observation that ATP synthase subunit a is detectable at the neural cell surface raises the question of how it reaches the cell surface. We thus sought to investigate whether the enzyme is transported to the cell surface via the secretory pathway involving the Golgi apparatus. Brefeldin A was used to block transport from the endoplasmic reticulum to the Golgi apparatus. We then analyzed whether ATP synthase subunit a was detectable at the cell surface after this treatment. Cell surface biotinylation was used to specifically detect the enzyme at the cell surface and not in intracellular compartments. In the absence of brefeldin A, biotinylated ATP synthase subunit a was detectable at the cell surface ( Figure 6a , lane 1). In the presence of brefeldin A, ATP synthase subunit a was not detectable as a biotinylated cell surface component (Figure 6a, lane 2) . Since proteins glycosylated in passage through the secretory pathway acquire a higher apparent molecular weight, ATP synthase subunit a was isolated after cell surface biotinylation of the neuroblastoma cell line B103. The molecular weight of the biotinylated enzyme was compared to that of ATP synthase subunit a isolated from the crude brain mitochondrial fraction. The molecular weight of the cell surfacelocalized ATP synthase subunit a was higher than that isolated from the mitochondrial fraction (data not shown). When the neuronal isoform of APP, the socalled APP 695 form, was transfected into APPnegative B103 neuroblastoma cells, the biotinylated cell surface form of ATP synthase subunit a was detectable and isolated using streptavidin-conjugated beads. The synthase was then digested with PNGase F, an enzyme that deglycosylates glycoproteins with N-linked sugars. Murine ATP synthase subunit a contains a potential N-glycosylation site at amino acid sequence position 356 (SWISS-PROT accession number Q03265) as predicted by the ScanProsite program. After PNGase F treatment, a shift in the molecular weight of ATP synthase subunit a to the molecular weight of the non-glycosylated mitochondrial ATP synthase subunit a was observed ( Figure  6b , compare lane 1 with lanes 2 and 3), thus confirming N-glycosylation of the cell surface-expressed form of ATP synthase.
Soluble APP-Fc and Ab inhibit F 1 F 0 -ATP synthase complex activity Since ATP synthase subunit a is a member of the F 1 component of the mitochondrial F 1 F 0 -ATP synthase complex and regulates ATP production by the ATP synthase subunit b, 44 we asked whether binding of APP or Ab to the ATP synthase subunit a would influence the function of F 1 F 0 -ATP synthase complex. We thus investigated whether APP or Ab influences the oligomycin-sensitive hydrolysis of ATP in an isolated F 1 F 0 -ATP synthase complex fraction derived from cultures of primary human fibroblasts ( Figure  7a ). APP-Fc inhibited ATPase activity of the F 1 F 0 -ATP synthase complex by approximately 45%, whereas human Fc alone or the fusion protein of the A bioluminescent luciferase assay was then performed to measure ATP production at the cell surface. In this assay system, ATP generated at the cell surface and diffusing into the extracellular space of cultured cells can be determined.
19 C6 astrocytoma cells were used to measure extracellular production of ATP in the presence and absence of soluble APP-Fc and Ab (Figure 7b ). In the presence of either APP-Fc or Ab, extracellular production of ATP was reduced by approximately 25-30% compared to the control peptide derived from a different extracellular domain of APP than Ab. Treatment with APP-Fc did not influence intracellular levels of ATP (Figure 7c) . As a control, extracellular production of ATP was monitored in the absence of ADP as substrate for the F 1 F 0 -ATP synthase complex that resulted in insignificant levels of ATP production. As a positive control for inhibition, piceatannol, a potent inhibitor of F 1 F 0 -ATP synthase complex activity, was also used and abolished the extracellular production of ATP.
To verify that C6 astrocytoma cells carry the entire ATP synthase complex at the cell surface, the F 1 F 0 -ATP synthase complex inhibitor IF 1 was incubated with live cells, and extracellular ATP levels were measured in a concentration-dependent manner (Figure 7d) . IF 1 specifically inhibits ATPase activity of the F 1 F 0 -ATP synthase complex and should thus lead to an increase of ATP concentration. In the presence of IF 1 , C6 astrocytoma cells showed a dosedependent increase in ATP concentration. Given that this inhibitor is membrane impermeable and acts specifically to inhibit this complex, these observations prove that functional F 1 F 0 -ATP synthase complex is expressed at the cell surface of these cells.
Ab impairs synaptic plasticity via inhibition of the F 1 F 0 -ATP synthase complex To investigate the functional importance of Ab binding to ATP synthase subunit a, we recorded LTP at the synapses formed by pyramidal cells of the CA3 subfield of the mouse hippocampus onto apical pyramidal cell dendrites of the CA1 subfield. In agreement with previous studies showing inhibitory effects of oligomeric forms of Ab on synaptic (data not shown).
Since both STP and LTP were strongly inhibited by Ab and IF 1 , we hypothesized that these compounds may elevate inhibitory transmission, thus preventing induction of both short-and long-term synaptic plasticity. To test this hypothesis, we repeated the above-described experiments in the presence of the GABA A receptor antagonist picrotoxin. The levels of STP were 246.2728. 7, 233.4715.3 and 196.6718 .9% in slices treated with picrotoxin, picrotoxin plus Ab and picrotoxin plus IF 1 , respectively. There were no significant differences in the levels of STP between the groups. LTP levels were also not significantly different, being 151.378.5, 144.473.0 and 144.4712.7%, respectively (Figure 8b) . Thus, disinhibition of slices with picrotoxin fully abrogated the negative effects of Ab and IF 1 on synaptic plasticity.
Theta-burst stimulation applied in the presence of picrotoxin leads to more pronounced depolarization of postsynaptic neurons that in the absence of picrotoxin. To compensate for this difference in depolarization levels and avoid saturation of LTP, we also induced LTP in the presence of picrotoxin using a weaker induction protocol, with only half the number of stimulation pulses. The levels of STP and LTP induced under these conditions in Ab-treated (178.0376.9 and 131.373.2%) and IF1-treated (186.477.6 and 132.773.1%) slices were not were not different from controls (Figures 8a and c) . can be abrogated by blockade of GABAergic transmission highlights the similarity of mechanisms by which Ab and IF 1 act on synaptic plasticity.
Discussion
In the present study we demonstrate that the extracellular domain of APP and its cleavage fragment Ab interact with ATP synthase subunit a. The observation that Ab competes with APP for binding to ATP synthase subunit a suggests that APP indeed binds via the stretch of 28 amino acids from the b-secretase cleavage site to the membrane-proximal portion of the molecule. The protease, a-secretase, can cleave in the middle of extracellular region of Ab, which is also in the middle of this binding stretch. This cleavage results in an impairment of the APP-ATP synthase subunit a interaction as shown by the inability of APP-a-Fc, the APP fragment comprising the sequence from the N terminus to the a-secretase cleavage site, to pull down ATP synthase subunit a.
Transfection of APP into APP-deficient B103 neuroblastoma cells increases levels of ATP synthase subunit a at the cell surface. Increased levels of extracellular ATP synthase subunit a can be generated either by facilitating transport through the secretory pathway, or by providing a receptor for the secreted protein at the cell surface. Our data do not allow us to distinguish between these possibilities. However, we could demonstrate that transfection of B103 cells with full-length APP resulted in increased binding of supplemented soluble ATP synthase subunit a to live cultured cells, thus supporting the idea that APP serves to bind ATP synthase at the cell surface. In addition, it was not only shown that ATP subunit a is present at the cell surface but also that the subunit a is a part of a competent multi-subunit F 1 F 0 -ATP synthase complex. [20] [21] [22] 35 The transport of ATP synthase subunit a to the cell surface is sensitive to brefeldin A, a specific blocker of protein translocation from the endoplasmic reticulum to the Golgi apparatus. This observation indicates that cell surface-localized ATP synthase subunit a is transported via the secretory pathway to the cell surface, providing additional proof that the enzyme reaches the cell surface via a well-established processing pathway. ATP synthase subunit a at the cell surface is N-glycosylated at the arginine on position 356, the only putative N-glycosylation site. This N-glycosylation was identified by digestion of ATP synthase subunit a derived from cell surface plasma membranes with the enzyme PNGase F, which cleaves N-linked sugar chains.
The a subunit is an essential component of the F 1 domain of ATP synthase and regulates production of ATP by the catalytic b subunit. 41 Thus, modification of ATP synthase activity could result from binding of the extracellular domain of APP and Ab to the a subunit. APP inhibited the oligomycin-sensitive ATPase function of this complex. We also showed that APP or Ab binding to ATP synthase at the cell surface inhibits extracellular ATP production. To assure that only ATP production by cell surface ATP synthase was measured, the assay was performed without addition of ADP, which is the substrate for the generation of ATP by ATP synthase. No ATP production was detected in this case.
APP and Ab share sequence similarities with the best-described natural inhibitor of ATP synthase, namely IF 1 . IF 1 is a basic protein with 84 amino acids that bind to ATP synthase subunits a, b and g, resulting in inhibition of ATPase function of the ATP synthase complex. 36 Thus, in the presence of IF 1 , ATP levels are increased. Recombinant IF 1 and a peptide with the minimal inhibitory sequence of IF 1 43 compete with Ab and APP for binding to the purified ATP synthase complex. These experiments were conducted at pH 6.8, because the binding of IF 1 to ATP synthase is pH dependent and favored at acidic pH. 36 Similar results were obtained at pH 7.0 (unpublished observation). IF 1 inhibits the activity of ATP synthase also at physiological pH 7.3, but to a lesser extent than at acidic pH. 46 Interestingly, the RHS amino acid sequence in the putative binding domain of Ab to ATP synthase subunit a shows a high degree of homology to the minimal inhibitory sequence of IF 1 . This sequence is also reported to be responsible for binding of Ab to a5b1 integrin. 47 Our results showing IF 1 -sensitive extracellular generation of ATP by the glioma C6 cell line lead us to the conclusion that in this cell type there must also be a competent F 1 F 0 -ATP synthase complex at the cell surface, which could also be shown for other cell types. [20] [21] [22] 35 Another known inhibitor of ATP synthase subunit a activity is angiostatin, a proteolytically derived 38 kDa fragment of plasminogen. 19, 35 This interaction has been suggested to trigger the caspase-dependent apoptotic pathway in endothelial cells 48 and cytotoxicity in non-endothelial cells. 49 Angiostatin also counteracts acetylcholine-induced vasodilation, 50 thereby decreasing cerebral blood flow. Similar activities have been reported for Ab, which inhibits cerebral blood flow, counteracts acetylcholine activity on blood vessels, inhibits angiogenesis and is cytotoxic for endothelial cells. 51, 52 The effect of Ab on cell surface-associated ATP synthase complex in endothelial cells may account for the cerebral amyloid angiopathy aspect of Alzheimer's disease pathology.
In contrast to angiostatin, which completely inhibits extracellular ATP production, Ab and APP inhibit only approximately one-third of the extracellular ATP production in a C6 glioma cell line. This difference in inhibitory capacity may be due to separate pools of cell surface-localized F 1 F 0 -ATP synthase complex that are not equally accessible to APP/Ab and angiostatin. Also, dimerization or oligomerization of Ab or APP may influence the interaction with the enzyme. This is conceivable, since the interaction between IF 1 and the ATP synthase complex is regulated via the oligomerization status of IF 1 , 17 and it is likely that this is also the case for Ab.
Previously, ATP synthase was shown to be present on the cell surface of hepatocytes, a 3T3 fibroblast-like cell line and umbilical vein endothelial cells. 19, 35 Now, we find that ATP synthase subunit a is also present at the cell surface of murine hippocampal neurons and astrocytes as well as on the murine neuroblastoma cell line B103. Thus, neural cells express ATP synthase subunit a not only in mitochondria, but also at the cell surface. The punctate appearance of ATP synthase subunit a immunostaining at the cell surface of primary hippocampal neurons is interesting with regard to previous observations that this enzyme is found at the cell surface of hepatocytes in lipid-rich microdomains 21 and in caveolae/lipid-enriched microdomains of non-neural cells. 53 Interestingly, APP has been reported to behave as an atypical lipid raft protein. 54 It is important in this respect that both the Ab generating b-and g-secretases cleave APP predominantly in these microdomains, [55] [56] indicating that the neurotoxic Ab may be generated in distinct subdomains at the membrane surface, most likely in the close vicinity of ATP synthase subunit a. These microdomains appear as punctate areas on cultured hippocampal neurons. Expression of cell surface ATP synthase subunit a also overlaps partially by immunocytochemistry with the synaptic marker synaptophysin, suggesting its involvement in synaptic processes, at least in a subset of synapses. Since cell surface ATP synthase subunit a was also detected extrasynaptically and on astrocytes, it may additionally affect synaptic functions indirectly.
It is noteworthy that primary cortical neurons exposed to Ab show a significant upregulation of ATP synthase subunit a expression. 57 This increased expression of ATP synthase subunit a could be the result of a compensatory cellular response to the inhibition of ATP synthase complex functions following APP or Ab binding. It is thus of interest that in a mouse model of senescence, antisense oligonucleotides reacting with APP mRNA decrease the levels of ATP synthase subunit a. 58 New models of Alzheimer's disease also include negative effects of intracellular Ab in neurons, 59 and several findings have led to the hypothesis that an impairment of the electron transport chain in mitochondria is responsible for this pathology. 60 Recent publications and our findings describe a mitochondrial localization for APP 61 ( Supplementary Figure 1) , for a functional g-secretase complex 62 and for Ab. 63, 64 Thus APP and Ab in mitochondria could inhibit the ATP synthase subunit a within the F 1 F 0 -ATP synthase complex of the electron transport chain, resulting in ATP depletion. It is noteworthy in this respect that mitochondria in cultured neurons display spontaneous changes in mitochondrial membrane potential, 65 which are impaired in mitochondria from Alzheimer's disease patients. 66 It is generally believed that one of the first signs of Alzheimer's disease pathology is a disruption of neural circuits involved in memory formation. Soluble species of Ab reduce LTP, 67 a form of synaptic
